Two single case studies are presented examining the effects of imagined limb activation in participants with unilateral visual neglect and severe physical disabilities. The first study employed a standard ABBABBA design where the participant was asked to imagine making movements with his left arm during the intervention conditions. Neglect was systematically assessed at each stage on the following measures: line bisection, star cancellation, and a scanning task. Performance during intervention conditions was compared to baseline conditions. The results suggest that imagined activation of the left arm may significantly reduce the severity of left neglect. The second study used an ACCABBACCABBA design. The participant was asked to imagine making movements with his left arm during the intervention conditions and with his right arm during the control conditions. The measures used in this study were line bisection, star cancellation, and letter cancellation. The results showed that there was no reduction in neglect symptoms associated with imagined left arm movements, but there was an increase associated with imagined right arm movements. This was thought to represent either a specific difficulty imagining left arm movements or a difficulty in combining left arm imagined arm movement with task completion. Overall, the results support the hypothesis that imagined movement can affect the presentation of neglect, and that the effects are specific to the arm that is used. This technique may prove useful to the clinical practitioner working with severely disabled brain-injured adults with neglect for whom conventional 0887-6177/02/$ -see front matter D 2002 National Academy of Neuropsychology. PII: S 0 8 8 7 -6 1 7 7 ( 0 1 ) 0 0 1 2 4 -X
Introduction
In the last decade or so, many innovative techniques have been proposed to reduce the severity of symptoms for patients with unilateral neglect. The early studies of Weinberg et al. (1977) attempted to compensate for patients' faulty scanning habits by teaching them to employ, as an anchor, a yellow vertical line on the left side of the page before beginning their task. Variations of this procedure and extensions of the design were explored by Gordon et al. (1985) , Gouvier, Bua, Blanton, and Urey (1987) , Gouvier, Cottam, Webster, Beissel, and Wofford (1984) , Webester et al. (1984) , and Young, Collins, and Hren (1983) . In spite of a significant positive outcome in many of the initial studies, there was poor generalisation to tasks outside of the test situation. Other techniques, such as vestibular stimulation (Cappa, Sterzi, Vallar, & Bisiach, 1987; Rubens, 1985; Vallar, Sterzi, Bottini, Cappa, & Rusconi, 1990) , optokinetic stimulation (Pizzamiglio, Frasca, Gauriglia, Inoccia, & Antonucci, 1990) , and the use of Fresnel prisms (Rossi, Kheyfus, & Reding, 1990) , have all been successfully employed but again have had poor generalisation outside of the test situation. Robertson, North, and Geggie (1992) reported beneficial effects for the contralesional limb activation technique following observations that the effects of neglect were apparently ameliorated when the contralesional limb was used to respond to stimuli. Moreover, this effect that was still found to be effective several weeks after the treatment had been withdrawn. Interestingly, Halligan, Manning, and Marshall (1991) demonstrated that the beneficial effects of left arm activation disappeared when the left arm was used to make movements in the right hemispace. Similar findings were reported by who also demonstrated a reduction in neglect only when movements were made by the left hand in the left hemispace, but that 'out of sight' left hand finger movements produced a reduction in the severity of neglect comparable to the reduction associated with visible movements. Finally, in a comparison between active and passive activation of the left limbs, Robertson and North (1993) found that only active movement significantly reduced the magnitude of neglect.
In spite of the clinical value of this technique, one of its limitations is clearly its reliance on at least minimal movements of the contralateral limb. In this current investigation, we report two cases with such a dense hemiparesis that not even minimal movement of the fingers of the contralateral limb was possible. Instead, a novel extension of the limb activation technique was employed in which two patients with neglect were taught to imagine the movement of their left limb.
Explanations of the limb activation effect have drawn on the premotor theory of spatial attention (Rizzolatti & Camarda, 1987) . Rizzolatti and Camarda (1987) suggest that spatial attention is represented as a modular function in several independent circuits, which can be dissociably impaired. They propose that the representation of space and spatial attention is intrinsically linked to spatial aspects of motor programming. Spatial attention is seen as a ''facilitation of perception'' (Rizzolatti & Berti, 1993 ) of a particular sector of space, which occurs as a result of the preparation of motor plans that will be implemented there. Robertson and North (1993) suggest that the success of the limb activation technique is therefore a consequence of activation of the premotor circuits of the damaged hemisphere, which in turn arouse the sensory cells associated with them, ultimately leading to perceptual enhancement of stimuli in the neglected field.
Work examining the neurophysiological bases of motor imagery provided some theoretical support for this approach. Evidence from a number of sources has been used to suggest that motor imagery involves the same neural mechanisms as are involved in the preparation and planning of actual movements (Decety, 1995; Decety & Ingvar, 1990) . Studies directly comparing actual and imagined movement have found that the level of activation in the primary motor cortex is greatly reduced (or absent altogether) during imagined movement (Takahashi et al., 1993; Tyszka, Grafton, Chew, Woods, & Colletti, 1994) , but otherwise very similar patterns of activation are recorded.
In a wider context, a considerable body of work also exists demonstrating beneficial effects of motor imagery and mental practice of motor skills on the actual performance of those skills (Corbin, 1972; Feltz & Landers, 1983; Richardson, 1967) . Studies of sporting skills have demonstrated effects of mental practice in sports as diverse as darts (Mendoza & Winchman, 1978) and gymnastics (El-Arabi, 1986 ). The efficacy of motor imagery has also been demonstrated in the acquisition of novel motor skills such as rotary pursuit tracking (Rawlings, Rawlings, Chen, & Yilk, 1972) and card sorting (Perry, 1939) .
Finally, there is also some precedent for the use of imagery in the rehabilitation of neglect. Smania, Bazoli, Piva, and Guidetti (1997) trained participants with neglect symptoms to use a variety of visual and motor imagery techniques. Improvements in performance, which persisted for at least 6 months after training had finished, were reported on a range of neuropsychological and functional measures. Although the emphasis of this study was rather different to that of the current investigation as it was specifically attempting to train participants to make functional use of different types of imagery, it provides an important demonstration of the potential efficacy of imagery in neglect rehabilitation.
The present study is designed to investigate whether imagined limb activation will reduce the extent of neglect in patients with severe disabilities. No previous research study that we are aware of has investigated the provision of rehabilitative techniques for neglect patients with such severe disabilities resulting from brain injury.
Participants

OB
OB, a 64-year-old right-handed man, suffered a cerebrovascular accident (CVA) in 1995 following surgical repair to an aortic dissection. A CT scan revealed global cerebral oedema causing ischaemia. On neuropsychological assessment, OB obtained a Wechsler Adult Intelligence Scale -Revised (WAIS-R) Verbal IQ of 122 (consistent with his occupational history) and a Wechsler Memory Scale -Revised (WMS-R) Verbal Memory Index of 113. His description naming was normal, although he showed a mild deficit on the Graded Naming Test. His ability to identify and match pictures was normal, as were his finger localisation and right-left orientation. On the Visual Object and Space Perception Battery (VOSP), OB failed on all subtests apart from Progressive Silhouettes and Number Location. The Behavioural Inattention Test (BIT) (Wilson, Cockburn, & Halligan, 1987) indicated the presence of a severe left neglect. OB was severely disabled and displayed a dense left hemiplegia. He was unable to perform even minimal movements with the hemiparetic limb and so was not eligible for the conventional limb activation rehabilitation intervention. OB was 6 months post-injury at the start of this study.
BN
BN, a 36-year-old right-handed man, suffered a traumatic brain injury in 1997. An initial CT scan indicated a right subdural haematoma, left temporal lobe contusions, and cerebral oedema. Subsequent scanning 3 weeks later indicated hydrocephalus. Neuropsychological assessment revealed a WAIS-R Verbal IQ score of 75, considerably below what would be expected on the basis of BN's occupational history. He scored below the first percentile on the Camden Pictorial Recognition Memory Test. Testing with the BIT indicated left visual neglect, with a score of 50 for the conventional subtests and 39 for the behavioural subtests. On the VOSP, BN failed all subtests with the exception of Number Location. On the Adult Memory and Information Processing Battery (AMIPB) Information Processing Task A, BN's adjusted score was 15 and lay within the 'abnormal' range. BN had a normal performance pattern when tested with the Benton Left-Right Orientation Form. Like OB, BN was also severely disabled and had a dense left hemiplegia and unable to perform minimal finger movements. BN was 18 months post-injury at the start of the study.
Design
A single case study design was employed for both cases. The exact specification of the design was modified following the first case in order to include further control conditions.
Study 1 (OB)
The design used with OB was an A 1 B 1 B 2 A 2 B 1 B 2 A 2 design. A 1 represented the preintervention baseline (10 trials) and A 2 the postintervention baseline (10 trials in total, presented in 2 blocks of 5 trials). B 1 and B 2 represent the two intervention conditions (10 trials in total for each intervention condition, presented in 2 blocks of 5).
Line bisection, star cancellation, and a scanning task were used to assess neglect. The first two measures were conventional subtests from the BIT, and the administration and scoring followed the standardised format. The scanning task consisted of 20 target stimuli scattered over 4 quadrants, each quadrant containing 5 target stimuli (this task was designed to evaluate the pattern of OB's scanning strategy). Number of targets cancelled in each of the quadrants was taken as a measure of OB's scanning ability. These measures were presented in the same order in each trial and OB was placed under no time constraints.
The first intervention condition (B 1 ) represented intervention with maximum prompting. Prior to each session, OB completed the following exercises with the right arm, together with the test administrator: bend arm at elbow, clench fist (participant asked to ''think about how the exercise feels''), unclench fist, stretch out arm, stretch out fingers, wiggle fingers, and pinch fingers and thumb together (again participant was asked to ''think about how the exercise feels'').
This set of exercises was performed twice. OB was then asked to imagine performing these same movements, firstly with his right arm and then with his left arm. OB was prompted to imagine making these movements four times during the administration of each measure; for example, ''try to imagine the fingers of your left arm wiggling,'' and ''imagine pinching your left fingers and thumb together.''
The second condition (B 2 ) represented minimum prompting. OB was required to carry out the real and imagined movements in the same way as in B 1 , but was prompted to imagine the movements once only at the beginning of each measure.
All therapists working with OB were encouraged to employ this technique in all forms of therapy and in carrying out activities of daily living.
Study 2 (BN)
The design used with BN was an A
This was a development of the design used with OB, which incorporated two additional control conditions (C 1 and C 2 ) and a post-control baseline condition (A 3 ), each of 10 trials. The second study was intended to replicate the findings observed with OB in the first study. The inclusion of the additional conditions was intended to control for any nonspecific effects, which could have produced the results observed in Study 1 (for example, practice effects or effects which could be associated with imagined limb activation per se, rather than being specific to left-imagined movement, such as a general increase in levels of arousal).
The procedure used in the second study was similar to Study 1: Conditions A 1 , A 2 , and A 3 were the baseline conditions during which BN simply completed the assessment measures. Conditions B 1 and B 2 again represented the intervention conditions. BN was asked to carry out a series of physical practice movements and then to imagine making those movements prior to completing the assessment measures. The physical practice movements were completed with the right arm in exactly the same way as in the first study. After completing the physical practice movements, BN was asked to imagine making the same sequence of movements with his left arm. Once again, Condition B 1 represented intervention with maximum prompting (BN was prompted to imagine making movements four times during the completion of each measure) and Condition B 2 represented intervention with minimum prompting (prompting was only given once before commencing each of the measures).
Conditions C 1 and C 2 represented the control conditions and were administered in the same way as the intervention conditions. After the physical practice exercises, however, BN was asked to imagine making the same series of movements with his right arm prior to completing the assessment measures. In a similar way to the intervention conditions, the control conditions included a maximum prompting condition (C 1 ) and a minimum prompting condition (C 2 ). As in Study 1, the measures used to assess the impact of each condition on neglect symptoms included the line bisection task and a star cancellation task from the BIT. Study 2 also used the letter cancellation task from the BIT in place of the scanning task used in Study 1 1 . All measures were administered and scored according to the standard format described in the BIT manual.
Results and discussion
Study 1 (OB)
Three two-way ANOVAs (unrelated) were employed. Factor 1 (condition) had four levels: baseline, A 1 ; maximum intervention, B 1 ; minimum intervention, B 2 ; and postintervention baseline, A 2 . The number of levels of Factor 2 (task) varied as a function of the task: line bisection had three levels (representing each of the three lines); star cancellation, six levels (representing each of the six lateral sectors on the scoring template), and the scanning task, four levels (representing each of the four quadrants). Post-hoc analyses were carried out using Tukey's Honestly Significant Difference (HSD) Test. Fig. 1a-c show the mean scores observed for each of the three measures in each of the four design conditions. A significant main effect for condition was observed for line bisection [ F(3,108) = 30.70, P < .001], star cancellation task [ F(3,216) = 19.641, P < .001], and for the scanning task [ F(3,144) = 24.86, P < .001]. Post-hoc analysis of the line bisection task showed that deviation scores in the initial pre-intervention baseline (A 1 ) were significantly greater than the deviation scores observed in both of the intervention conditions (B 1 and B 2 ) and than the scores observed in the post-intervention baseline (A 2 ). There was no significant difference between the two intervention conditions or between either of the intervention conditions and the post-intervention. This pattern suggests that there was a significant reduction in the degree to which OB's estimates deviated from the actual midpoints following the initial baseline, but that his performance remained relatively stable after that, and that there was no similarly significant increase in deviations after the intervention was removed.
Post-hoc analysis of the star cancellation data showed that the number of targets cancelled during the pre-intervention baseline was significantly lower than the number cancelled in all other conditions. Again, no significant difference between scores in the post-intervention baseline and scores in the intervention with maximum prompting condition or between the scores achieved in the minimum and maximum prompting intervention conditions were observed. The number of targets cancelled in the post-intervention baseline was however significantly lower than the number of targets cancelled in the intervention with minimum prompting condition. This pattern suggests that there was a significant increase in the number of targets detected when the intervention was introduced, and a significant decrease following its removal, although performance did remain above the level observed in the initial baseline.
For the scanning task, post-hoc analysis clearly suggests that this effect represented a significant increase in the number of target stimuli cancelled during the intervention conditions relative to the baseline conditions. The scores in both of the baseline conditions were significantly lower than the scores in both of the intervention conditions. There was no significant difference between the scores observed in the pre-and the post-intervention baselines nor was there a significant difference between the scores observed in the two intervention conditions. In summary, the results for OB suggest that imagined activation of the contralateral limb had a significant effect in reducing the impact of neglect on performance. Comparing pre-and post-intervention baselines for all three tasks, it is clear that performance on the postintervention baseline was markedly better than on the pre-intervention baseline. This is likely to represent some degree of learning or practice, for example, an increasing familiarity with the assessments used or with the technique of imagined limb activation or an increased ability to combine these two elements. Familiarity with the technique of limb activation could also have been reinforced by the input of other therapists, who employed the imagined limb activation technique during their rehabilitation sessions.
It is possible that the lack of a more clearly defined effect on the line bisection task could be attributed to an interaction between such learning or practice effects and effects arising from the imagined limb activation: that is, mean scores from each of the design conditions show that there was in fact a small increase in deviation scores following the removal of the intervention, albeit one that was not statistically significant (see Fig. 1a ). Comparing the mean score from the first administration of the post-intervention baseline and the second administration illustrates this more clearly. Fig. 2 shows the mean scores for each condition on the line bisection task in chronological order. It can be seen that after the first set of intervention trials, deviation scores increased dramatically when the intervention was removed. Following this, there was again the predicted drop in deviation scores with the introduction of the second set of intervention trials. Finally, there was a further drop in deviation scores in the second post-intervention baseline. The lack of a steady decrease in deviation scores across all design conditions suggests that the observed pattern does not solely represent the effects of practice.
Thus, the results from the first study are encouraging especially given the severity of OB's disabilities. What these results are unable to demonstrate however is whether the observed effect is specific to imagined left arm activation or whether it is arising from other nonspecific effects. This was the intention of the second study and the inclusion of a control condition where the participant, BN, was asked to imagine movements with the right arm. If the effect of imagined movement in reducing the impact of neglect is specific to the left arm, one would expect to see a difference in performance between intervention conditions and control conditions. The relationship between the control conditions and the baseline conditions is also of interest. It could be argued from Rizzolatti and Camarda's (1987) premotor theory of attention that in control conditions a decrease in the level of performance Fig. 1 (continued ) . relative to baseline conditions would be expected. If imagined movement with the left arm is serving to increase orientation to the left, it is conceivable that right-imagined movement would serve to orient visual attention even more emphatically towards the right and actually exacerbate neglect symptoms.
Study 2 (BN)
As in Study 1, three two-way ANOVAs (unrelated) were employed. In this study, Factor 1 (condition) had seven levels: pre-intervention baseline, A 1 ; intervention with maximum . The number of levels of Factor 2 (task) varied as a function of the task: line bisection had three levels (representing each of the three lines in the line bisection task); letter cancellation, four levels (representing each of the four lateral sectors on the scoring template); and star cancellation, six levels (representing each of the six lateral sectors on the scoring template). As in study 1, post-hoc analyses were carried out using Tukey's HSD. Fig. 3a -c presents a summary of BN's performance on all three tasks across design conditions. A significant main effect for condition was observed on the line bisection task [ F(6,189) = 2.90, P = .01]. The post-hoc analysis showed two overlapping homogenous subsets with significant differences found between the maximum prompting control condition and the post-intervention baseline, the post-control baseline, and the intervention with maximum prompting conditions.
When the results are collapsed to form three conditions (i.e., all ''A'' conditions are combined and considered as one group, all ''B'' conditions combined, and all ''C'' conditions combined), Tukey's HSD shows that there was no significant difference in the scores from intervention conditions and baseline conditions, but that scores from both of these conditions are significantly lower than scores from the control conditions (see Table 1 ).
This overall pattern of results suggests a dissociation between performance in the control conditions and performance in the intervention and baseline conditions, with performance being significantly poorer in the control conditions. A significant main effect for condition was also observed on the letter cancellation task [ F(6,252) = 8.80, P = .001]. Post-hoc analysis showed that significantly fewer targets were detected in the control conditions and the initial pre-intervention baseline than in the intervention conditions, the post-intervention baseline, and the postcontrol baseline. Once again, collapsing the results to give just three groups shows a relationship where there is no difference in performance between intervention and baseline conditions, but where performance in both of these conditions is significantly better than performance in the control conditions. The pattern of results for letter cancellation suggests even more strongly a dissociation between the control conditions on one hand and the intervention and baseline conditions on the other, with performance being significantly poorer in the control conditions. On the star cancellation task, no significant main effect for condition was observed [ F(6,378) = 1.29, P = .261].
In summary, BN's results show an interesting pattern. Firstly, it is clear that BN's results do not directly support the hypothesis that imagined left arm movements can reduce the effects of neglect; on none of the tests used were any significant differences found between performance in the intervention conditions and in the baseline conditions.
One important finding, however, is the association of control conditions with a decrease in the level of performance; where main effects of condition were observed, performance in control conditions was significantly poorer than performance in baseline conditions. Perhaps more importantly, performance was significantly poorer in control conditions than in intervention conditions. This is especially clear in the results from letter cancellation where both of the control conditions are significantly different from both of the intervention conditions. With BN's results, therefore, a dissociation can be demonstrated between the effects of right arm imagined movement and of left arm imagined movement. This supports the position that imagined movement is associated with effects specific to the arm that is used. Conversely, the different effects associated with the control and intervention conditions argue against explaining the effect in terms of a factor related to imagined limb activation in general, for example, changes in level of arousal.
A variety of reasons could be suggested for the failure to replicate the effects of imagined left arm movement observed with OB. The most obvious possibility is that BN had some specific difficulty imagining left arm movements. Although he showed a normal pattern of results on the Benton Left-Right Orientation Form and appeared to have no difficulty distinguishing right from left, during testing he did take some time to actually locate his left arm, suggesting perhaps a disturbed representation of body schema. Alternatively, there could have been some difficulty translating the physical practice movements completed with the right arm into imagined left arm movements. Another important point is that BN showed a very different pattern of cognitive impairments to OB. In contrast to OB who appeared to display relatively specific symptoms of neglect, BN showed a much more global pattern of impairments, for example, widespread memory impairments, a reduced speed of information processing, and a reduced attentional capacity. Such impairments could be affecting BN's ability to employ the strategy of imagined limb activation in a functional way. For example, both the assessments used and the actual process of imagining movements are demanding of attentional resources. Both tasks require a high degree of conscious controlled processing, and it is possible, given the severity of BN's brain injuries, that he had difficulty in combining them effectively. The increased demands of the intervention conditions, for example, the extra interference coming from actual movements made with the right hand in the process of completing the assessments, could mean that the attentional ''costs'' outweighed any benefits. BN's memory impairments could also mean that he was less able to practice the technique between assessment sessions and to consolidate the ability to imagine left arm movements than OB.
General discussion
The technique of imagined limb activation evolved as a clinical tool to assist severely brain-injured patients like OB and BN, who present with neglect but for whom conventional rehabilitative techniques are inappropriate due to the severity of their disabilities.
Overall, the pattern of the results is somewhat mixed but, taken across both participants, it provides support for the hypothesis that imagined limb activation can affect the presentation of neglect symptoms. There is also evidence that the effects are specific to the particular limb, which is used, with left-imagined movement reducing the effects of neglect and rightimagined movement exacerbating them.
The findings have several implications for the rehabilitation of neglect symptoms in patients with severe disabilities. At a clinical level, the initial study evolved primarily from an unsuccessful attempt to employ the technique of actual limb activation described by Robertson, North, and Geggie (1992) . The lack of success was attributed to OB having such a dense hemiplegia that even minimal movements of the contralateral arm (or fingers) were impossible. Imagined limb activation was adopted as an alternative approach, and, given the supportive findings of these studies, it appears to be a viable one. There is no suggestion that it should be substituted in cases where actual limb activation is still possible. Nevertheless, given its apparent success in reducing the severity of neglect in OB, it would appear to have potential applications where actual limb movement is not possible.
The lack of success with BN suggests that the technique may be less suitable for individuals with more global patterns of cognitive impairment who appear to have difficulty in using it functionally. Another potential limitation in clinical application relates to the observation of Sirigu et al. (1996) that patients with parietal lesions of the sort often associated with neglect, and hemiplegia can have difficulty imagining contralesional limb movements. Despite this, the technique could still be of use in individuals with hemiplegia, whose cognitive status permits the imaging of movements (although this raises the question, discussed in more detail below, of actually assessing ability to imagine movements).
Theoretically, the central question must address the mechanisms underlying the observed effects. As mentioned in the discussion of results from individual participants, one might be tempted to question whether the success of the effect merely disguises a cueing effect being elicited by the verbal prompts to think about how the movements might feel. However, if this was the case, then it might have been expected that there would be much larger differences between the minimum and maximum prompt conditions, and in neither of the participants studied were there any significant differences between the maximum and minimum prompting sessions in the intervention or control conditions. Also, no instructions were given in any of the sessions to use the arm as a perceptual anchor, reducing the probability that the effect arises from perceptual cueing. The absence of actual arm movements during test completion and the use of the right arm for actual practice movements in both control and intervention conditions would argue against a process of spatiomotor cueing.
In conclusion, the studies presented here raise a number of interesting issues for the clinical practitioner working with severely disabled brain-injured patients, as well as a number of interesting theoretical directions for future research. A high priority is to reproduce this effect with other individuals, ideally demonstrating opposite patterns of performance associated with left-and right-imagined movement within the same individual. Also valuable would be more systematic investigations of the relationship between the magnitude of the effect of imagined limb activation and factors such as the quantity or quality of prompting, the nature of the task, the presence of potentially interfering actual hand movements, or the particular pattern of injuries and impairments displayed by participants.
